Introduction {#S0001}
============

With the increasing carbapenem consumption in the past two decades, unprecedented global increase has been observed in the populations of carbapenem-resistant *Enterobacteriaceae* (CRE), posing colistin as the last therapeutic resort for the treatment of such organism. However, the efficacy of the drug has been challenged by the emergence of mobilized colistin resistance (*mcr*) genes.[@CIT0001] Of great clinical concern is the concurrence of *mcr* and carbapenemase genes among *Enterobacteriaceae*. In fact, *mcr* has been found in CRE isolates from food animals[@CIT0002] and humans,[@CIT0003]--[@CIT0006] around the world, especially in China. High prevalence of *mcr*-positive CRE isolates has been found among various origins in China, including humans,[@CIT0003],[@CIT0007]--[@CIT0009] retail meat,[@CIT0010] food animals,[@CIT0011],[@CIT0012] dogs,[@CIT0011] birds and flies.[@CIT0011]

Consumption of fresh vegetables has increased over the recent years, because vegetables can provide essential components for humans.[@CIT0013] However, fresh vegetables eaten raw have been linked with outbreak of foodborne diseases[@CIT0014] and have often served as resistance gene "reservoirs". For example, cephalosporin-resistant *Enterobacteriaceae* were found on 5.2% of the 1216 vegetables obtained from Dutch stores during 2012 and 2013.[@CIT0015] About 25.4% of the 169 vegetables imported from the Dominican Republic, India, Thailand and Vietnam in 2014 harbored one or more extended-spectrum-beta-lactamase-producing *Enterobacteriaceae*.[@CIT0016]

Recently, *mcr*-positive isolates have been also found in one lettuce sample in Portugal[@CIT0017] and in two imported vegetable samples in Switzerland.[@CIT0018] In China, 9 of the 916 vegetables (0.98%) sampled in Guangzhou carried *mcr-1*,[@CIT0019] while 19 of the 528 fresh vegetables (3.60%) were found to harbor *mcr-1*-positive isolates in our previous report.[@CIT0020] In addition, CRE isolates were also sporadically found in fresh vegetables, including one *bla*~OXA-181~-positive *Klebsiella variicola* in Switzerland,[@CIT0021] three *bla*~OXA-181~-positive *K. pneumoniae* in Algeria,[@CIT0022] one *E. coli* co-harboring *bla*~NDM-1~ and *bla*~KPC-2~ in China[@CIT0023] and twelve isolates in our previous study in China.[@CIT0024] All these findings suggest that *Enterobacteriaceae*-producing carbapenemases and *mcr*-positive isolates might have emerged and distributed in fresh vegetables around the world, especially in China. However, isolates co-harboring *mcr* and carbapenemases-encoding genes have not been isolated in those previous studies. Considering the widespread of *mcr* and carbapenemases-encoding genes in China, it is crucial to identify *mcr*-positive CRE in fresh vegetables. In this study, we identified two *mcr*-positive *E. coli* strains producing NDM-5/9, recovered from fresh vegetables in China and the characteristics of resistance plasmids were also analyzed.

Materials and methods {#S0002}
=====================

Samples and identification of *Enterobacteriaceae* co-harboring *mcr* and carbapenemases genes {#S0002-S2001}
----------------------------------------------------------------------------------------------

Seventeen different types of fresh vegetables from 72 supermarkets and farmer's markets in 29 cities or districts of 10 provinces (Shandong, Shanghai, Beijing, Hubei, Henan, Heilongjiang, Yunan, Tianjin, Shanxi and Jiangsu) in China were purchased between May 2017 and December 2018. In total, 712 fresh vegetable samples were collected, including cucumber (n=125), tomato (n=114), romaine lettuce (n=76), curly endive (n=53), green pepper (n=50), coriander (n=50), leaf rape (n=49), spinach (n=49), mungbean sprouts (n=35), chili pepper (n=28), leaf lettuce (n=20), soybean sprouts (n=18), pakchoi (n=17), garland chrysanthemum (n=10), carrot (n=9), green shallots (n=5) and eggplant (n=4). These samples were processed with Mueller-Hinton (MH) broth co-harboring vancomycin (8 mg/L), colistin (2 mg/L) and meropenem (1.0 mg/L) to select *Enterobacteriaceae* carrying both carbapenemase and *mcr* genes using the similar protocol as previously reported.[@CIT0020] The MH broth with survived bacteria was diluted in series of 1:10 and 100 μL appropriate dilution was spread onto MH agar plates supplemented with both colistin (2 mg/L) and meropenem (1.0 mg/L). Presumptive *Enterobacteriaceae* colonies on the MH plate were selected for screening the carbapenemase-encoding genes (*bla*NDM, *bla*KPC, *bla*IMP, *bla*VIM, *bla*SPM, *bla*AIM, *bla*DIM, *bla*GIM, *bla*SIM, *bla*BIC and *bla*OXA-48) using primers previously described,[@CIT0025] and the presence of *mcr* (*mcr-1, mcr-2, mcr-3, mcr-4, mcr-5, mcr-6, mcr-7* and *mcr-8*) was also determined.[@CIT0001] *mcr*-positive isolates carrying carbapenemase-encoding genes were identified by *rpoB* sequence analysis.[@CIT0026]

Antimicrobial susceptibility testing {#S0002-S2002}
------------------------------------

Susceptibility testing to 17 antimicrobial agents was determined by the agar dilution method according to the Clinical and Laboratory Standards Institute (CLSI) criteria.[@CIT0027] The 17 antimicrobial agents were the following ones: cefotaxime, ceftiofur, meropenem, ampicillin, enrofloxacin, ciprofloxacin, levofloxacin, nalidixic acid, streptomycin, amikacin, gentamicin, kanamycin, doxycycline, tetracycline, tigecycline, florfenicol and fosfomycin. The results except tigecycline were interpreted according to the CLSI breakpoints.[@CIT0027] The MIC method for colistin and breakpoints for colistin and tigecycline were recommended by the 2017 EUCAST (<http://www.eucast.org/clinical_breakpoints/>).

MLST and PFGE typing {#S0002-S2003}
--------------------

MLST[@CIT0028] of the *E. coli* isolates carrying both carbapenemase and *mcr* genes in this study was performed to compare with such isolates of other origins. Clonal relationships of isolates in this study and those with the same MLST types from other sources were also investigated by PFGE using *Xba*I enzyme as previously described.[@CIT0029] The *Xba*I-digested DNA of *Salmonella Braenderup* strain H9812 was used as a reference.

Plasmid conjugation and incompatibility typing {#S0002-S2004}
----------------------------------------------

Plasmid conjugation experiment was performed between the *mcr*-positive isolates carrying carbapenemase and streptomycin-resistant recipient *E. coli* C600 using the broth-mating method.[@CIT0030] *mcr*-positive transconjugants were selected on eosin methylene blue agar plates containing both streptomycin (2000 mg/L) and colistin (2 mg/L), while MacConkey agar plates supplemented with both streptomycin (2000 mg/L) and meropenem (0.8 mg/L) were used to select transconjugants with carbapenemase genes. Antimicrobial susceptibility testing and PCRs mentioned above were subsequently performed to confirm the transconjugants, followed by Enterobacterial repetitive intergenic consensus PCR as previously described.[@CIT0031] Incompatibility (Inc) groups of plasmids within the transconjugants were assigned by the PCR-based replicon typing method,[@CIT0032] and the IncX and IncI2 replicons were also detected as previously described.[@CIT0033],[@CIT0034]

Plasmid analysis {#S0002-S2005}
----------------

To analyze the location of *mcr* and carbapenemase genes, S1 nuclease-PFGE and Southern Hybridization blot were performed twice on the transconjugants and their donors. *E. coli* C600 lacking plasmid was used to confirm the specific for *mcr* or carbapenemase gene probe. To determine whether the *bla*~NDM~/*mcr-1*-bearing plasmids in this study were similar to the reported plasmids of other origins, total genomic DNA (including the chromosome and corresponding plasmid) from the two *mcr-1*-positive transconjugants and two *bla*~NDM~-positive transconjugants were extracted and sequenced using Illumina HiSeq PE150, respectively. After assembling the sequence reads and cleaning out *E. coli* C600 chromosomal DNA sequences, plasmid contigs were obtained. All plasmids in this study were then subjected to PlasmidFinder 2.0 (<https://cge.cbs.dtu.dk/services/PlasmidFinder/>) and ResFinder 3.1 (<https://cge.cbs.dtu.dk/services/ResFinder/>) to analyze the plasmid replicons and antimicrobial resistance genes, respectively. Functional annotation was performed using the NCBI Prokaryotic Genome Annotation Pipeline server, and the BLASTn implemented in software BRIG was used for sequence comparison.[@CIT0035]

Results and discussion {#S0003}
======================

Among the 712 fresh vegetable samples collected in 10 provinces from China in this study, two isolates from leaf rape and spinach in two supermarkets of Shandong province, respectively, carried both *bla*~NDM-5/9~ and *mcr-1*. To our knowledge, this is the first report of isolates co-carrying *bla*~NDM-5/9~ and *mcr-1* in fresh vegetables.

The two isolates were designated 690 and 701 here. *rpoB* sequence analysis showed that both isolates were *E. coli*. Isolate 690 concomitantly harbored *bla*~NDM-5~ and *mcr-1*, while 701 carried both *bla*~NDM-9~ and *mcr-1* ([Table 1](#T0001){ref-type="table"}). Both isolates showed resistance to all beta-lactams, tetracyclines, fluoroquinolones, fosfomycin and colistin tested, which were therapeutic agents in clinics in many countries.[@CIT0036] Notably, both isolates remained susceptible to amikacin and tigecycline, similar to the *E. coli* isolates producing both NDM and MCR-1 from humans in China.[@CIT0009]Table 1Characteristics of the two *E. coli* strains 690 and 701 from fresh vegetables and their transconjugants with plasmids either harboring *mcr-1* or *bla*~NDM-5/-9~StrainResistance genesMICs (μg/mL)Resistance profilesPlasmids carrying *mcr-1* or *bla*~NDM~ in transconjugantsCOLMEMCTXFOSReplicon typeSize (kb)690*mcr-1, bla*~NDM-5~, *fosA3*16\>16\>64\>256MEM, CTF, CTX, AMP, COL, DOX, TET, GEN, KAN, NAL, ENR, LEV, CIP, FOS, FFLCOL690*mcr-1*160.1250.0314COL, STRX4\~33MER690*bla*~NDM-5~0.25\>16\>648MEM, CTF, CTX, AMP, STRX3\~46701*mcr-1, bla*~NDM-9~, *fosA3*16\>16\>64\>256MEM, CTF, CTX, AMP, COL, DOX, TET, GEN, STR, NAL, ENR, LEV, CIP, FOS, FFLCOL701*mcr-1*160.1250.0314COL, STRI2\~60MER701*bla*~NDM-9~, *fosA3*0.25\>16\>64\>256MEM, CTF, CTX, AMP, FOS, STR,UT\~110C6000.250.1250.0314STR[^1]

MLST analysis showed that isolates 690 and 701 belonged to ST156 and ST2847, respectively. ST156 and ST2847 were also found in *E. coli* isolates co-carrying *mcr-1* and *bla*~NDM~ from avian in Shandong of China in 2015, in our previous study,[@CIT0012] suggesting that the MCR-1-NDM producers in vegetables might have originated from animals because vegetables might be fertilized with manure and wastewater from livestock. In fact, the final effluent applied to farmland in the piggery wastewater treatment system in China has been proved to contain considerable amounts of *bla*~NDM~ and *mcr-1*,[@CIT0037] which will further support our hypothesis. We then performed PFGE using *Xba*I enzyme to compare the clonal relationships of isolates in this study and isolates of ST156 and ST2847 types from avian we previously reported.[@CIT0012] The results showed that the ST156 isolate 690 was different from the five ST156 isolates from avian, and isolate 701 of ST2847 was also different from the two ST2847 isolates of avian origin ([Figure 1](#F0001){ref-type="fig"}), suggesting that such isolates in vegetables in this study were not directly derived from the avian feces we studied previously and more *E. coli* isolates co-carrying *mcr-1* and *bla*~NDM~ from other animal farms should be investigated in the future. Notably, ST156 type of *E. coli* isolates producing NDM-5 and isolate carrying *mcr-1* were also found in human from China in 2016[@CIT0009] and human from Brazil in 2016,[@CIT0038] respectively, while ST2847 *E. coli* isolated from a patient in Hong Kong in 2004 was found to carry both *bla*~CTX-M-65~ and *fosA3*.[@CIT0039] Thus, the presence of ST156 and ST2847 *E. coli* isolates producing both NDM-5/9 and MCR-1 in vegetables still represents a threat to human health.Figure 1*Xba*I-PFGE patterns of isolates in this study and isolates of ST156 and ST2847 types co-carrying *mcr-1* and *bla*~NDM~ from avian.

For both isolates, we obtained two different transconjugants harboring *mcr-1* or *bla*~NDM-5/9~, respectively ([Table 1](#T0001){ref-type="table"}). *fosA3*, conferring resistance to fosfomycin, was found in *bla*~NDM-9~-positive transconjugants MER701 using primers described previously,[@CIT0040] while no other resistances were co-transferred with colistin/meropenem resistance in the other 3 transconjugants. Interestingly, there were additional bigger bands marked with arrows in all 4 transconjugants and some donors in the S1-PFGE ([Figure 2A](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}) and these bands could be also hybridized with the corresponding *mcr-1*/*bla*~NDM~ probe ([Figure 2B](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}), although these experiments were performed several times. These bigger bands were the portion of the *mcr-1*/*bla*~NDM-5/9~-carrying plasmids not exposed to S1 nuclease in the S1-PFGE experiment, according to the findings of the previous study in which the S1-PFGE method was established.[@CIT0041] Thus, all the 4 transconjugants carried only one plasmid and *mcr-1* was located on IncX4 type plasmid of \~33 kb in COL690, while COL701 carried IncI2 type \~60 kb plasmid harboring *mcr-1* ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). *bla*~NDM-5~ was on IncX3 plasmid of \~40 kb in transconjugant MER690, however, *bla*~NDM-9~ and *fosA3* were on the same \~110 kb plasmid which was untypable in MER701 ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"} and [Table 1](#T0001){ref-type="table"}).Figure 2Analysis of the location of *mcr-1*/*bla*~NDM~ among transconjugants and their donors. (**A**) S1 nuclease-PFGE of transconjugants and their donors carrying *bla*~NDM~. (**B**) Southern blot hybridization with the *bla*~NDM~ probe. (**C**) S1 nuclease-PFGE of transconjugants and their donors carrying *mcr-1*. (**D**) Southern blot hybridization with the *mcr-1* probe. Lane M: chromosomal DNA of *Salmonella enterica* serotype Braenderup H9812 digested with *Xba*I serving as size markers. The red arrows indicate bigger bands, which are portion of the *mcr-1*/*bla*~NDM-5/9~-carrying plasmids not exposed to S1 nuclease in the S1-PFGE experiment.

From the results of plasmid sequences, both *mcr-1-*bearing plasmids did not carry any other antibiotic resistance gene besides *mcr-1* and this could account for the resistance phenotypes of transconjugants COL690 and COL701 ([Table 1](#T0001){ref-type="table"}). Comparison of the pCOL690T (accession no. VMKQ00000000) to several previously reported \~33-kb IncX4 plasmids showed that it aligned very well to pCSZ4 (KX711706) (100% in coverage and 99% in identity) from *E. coli* of pork origin in China ([Figure 3A](#F0003){ref-type="fig"}). Notably, pCOL690T (VMKQ00000000) from leaf rape in this study was also highly similar to plasmids pKP15450-MCR-1 (MH715959) from clinical *Klebsiella pneumoniae* in Taiwan, pmcr1_IncX4 (KU761327) from clinical *K. pneumoniae* in China and pNG14043 (KY120364) from clinical *Salmonella Typhimurium* in Taiwan ([Figure 3A](#F0003){ref-type="fig"}). Furthermore, the pCOL690T in the *mcr-1*-positive NDM-5-producing *E. coli* in this study also showed high similarity to plasmid pMCR-1-IHIT35346 (KX894453) from *E. coli* co-producing OXA-181-carbapenemase and *mcr-1* of pig origin in Germany. Plasmid pCOL701T (VMKR00000000) from *E. coli* of spinach in this study aligned well to IncI2 plasmid pP111 (KY120365) (99% in coverage and 100% in identity) from *S. Typhimurium* of pig in Taiwan, pHNGDF93 (MF978388) from fish *E. coli* and p1106-IncI2 (MG825374) from *E. coli* of chicken in China ([Figure 3B](#F0003){ref-type="fig"}). Notably, the pCOL701T (VMKR00000000) in NDM-9-producing *E. coli* in this study was also highly similar to p5CRE51-MCR-1 (CP021176) from clinical *E. coli* co-producing NDM-9 and MCR-1 in Taiwan. All these findings suggested that highly similar IncX4 or IncI2 plasmids have disseminated *mcr-1* among different *Enterobacteriaceae* species in food and animals around the world, and these plasmids can spread to carbapenemase-producing clinical isolates to threaten human health.Figure 3Sequence alignment of *bla*~NDM~-bearing or *mcr-1*-bearing plasmids. (**A**) The plasmid pCSZ4 (KX711706) (purple ring) from *E. coli* of pork origin in China was used as a reference to compare with the IncX4 plasmids. The ring light purple, green, red, gray and blue rings represent pKP15450-MCR-1 (MH715959) from clinical *K. pneumoniae* in Taiwan, pMCR-1-IHIT35346 (KX894453) from *E. coli* of pig origin in Germany, pmcr1_IncX4 (KU761327) from clinical *K. pneumoniae* in China, pNG14043 (KY120364) from clinical *S. typhimurium* in Taiwan and pCOL60T (VMKQ00000000) in this study, respectively. The outer circle with black arrows signifies annotation of the reference sequence. (**B**) The plasmid pP111 (KY120365) from *S. typhimurium* of pig in Taiwan was used as a reference to compare with the IncI2 plasmids. The purple, blue, green, red and black rings represents the reference plasmid, pHNGDF93 (MF978388) from fish *E. coli* in China, p1106-IncI2 (MG825374) from *E. coli* of chicken in China, p5CRE51-MCR-1 (CP021176) from clinical *E. coli* in Taiwan, and pCOL701T (VMKR00000000) in this study, respectively. The outer circle with black arrows signifies annotation of the reference sequence. (**C**) The plasmid p977-NDM (MG825382) from *E. coli* of pork origin in China was used as a reference to compare with the IncX3 plasmids. The purple, blue, green, red and gray rings represent the reference plasmid, pJEG027 (KM400601) from clinical *K. pneumoniae* in Australia, pMER690T (VMKS00000000) from leaf rape in this study, pVH1 (CP028705) from *E. coli* of cucumber in China, and pCREC-591_4 (CP024825) from clinical *E. coli* in South Korea, respectively. The outer circle with black arrows signifies annotation of the reference sequence. (**D**) The plasmid pHNTH02-1 (MG196294) from *E. coli* of retail meat in China was used as a reference (purple ring). The blue, dark, and red rings represent plasmid p1106-NDM (MG825375) from *E. coli* of chicken, pMER701T (VMKT00000000) in this study, and p92944-NDM (MG838206) from clinical *E. coli*, respectively, in China. The outer circle with black arrows signifies annotation of the reference sequence. \*represents plasmids in this study.

The pMER690T plasmid (VMKS00000000) did not carry any other resistance gene besides *bla*~NDM-5~ ([Figure 3C](#F0003){ref-type="fig"}), and it aligned very well to IncX3 plasmid p977-NDM (MG825382) (100% in coverage and 99% in identity) from *E. coli* of pork origin in China ([Figure 3C](#F0003){ref-type="fig"}). Notably, the pMER690T from leaf rape in this study was also highly similar to plasmids pCREC-591_4 (CP024825) from clinical *E. coli* in South Korea, and pJEG027 (KM400601) from clinical *K. pneumoniae* in Australia. Interestingly, the pMER690T (VMKS00000000) in the *mcr-1*-positive *E. coli* producing NDM-5 in this study also showed high similarity to plasmid pVH1 (CP028705) from *E. coli* of cucumber in China in our previous report,[@CIT0024] in which only CRE isolates were isolated. Replicon untypable plasmid pMER701T (VMKT00000000) carried resistance genes *fosA3, dfrA12, aadA2, sul1, ble*~MBL~, *bla*~NDM-9~, and *mph*(A), which were all centralized in the multidrug resistance region ([Figure 3D](#F0003){ref-type="fig"}). pMER701T (VMKT00000000) in this study aligned well to plasmids pHNTH02-1 (MG196294) (100% in coverage and 99% in identity), p1106-NDM (MG825375) and p92944-NDM (MG838206), and these three plasmids were from *E. coli* of retail meat, chicken and human, respectively, in China ([Figure 3D](#F0003){ref-type="fig"}). These findings suggested that pMER690T- and pMER701T-like plasmids have been disseminated among different *Enterobacteriaceae* species of various origins around the world, especially China.

Conclusion {#S0004}
==========

In summary, we reported for the first time two clonally unrelated *E. coli* harboring both *bla*~NDM-5/9~ and *mcr-1* in fresh vegetables in China. The dissemination of *mcr-1* was mediated by IncX4 or IncI2 plasmid, while *bla*~NDM-5/9~ was on IncX3 or untypable plasmid. All the plasmids in this study were highly similar to the plasmids from animals and clinical isolates in various countries. The emergence of *mcr-1*-positive bacteria producing NDM in fresh vegetables is alarming and constitutes a food safety issue. Further investigations are required for monitoring such organisms in fresh vegetables to ensure food safety in China and other countries.
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[^1]: **Abbreviations:** AMP, ampicillin; CTX, cefotaxime; CTF, ceftiofur; MEM, meropenem; COL, colistin; GEN, gentamicin; KAN, kanamycin; STR, streptomycin; CIP, ciprofloxacin; LEV, levofloxacin; ENR, enrofloxacin; NAL, nalidixic acid; DOX, doxycycline; TET, tetracycline; FFL, florfenicol; FOS, fosfomycin; UT, untypable; C600, recipient strain in the conjugation experiment.
